Measurements have been made, for x-ray energies from a few keV to 18 keV, of the limiting spatial resolution caused by the finite range of the photoelectron, or electrons, created when an x-ray is absorbed in the gas of a proportional chamber. In hydrocarbon gases such as methane and ethane, where the photoelectron receives the bulk of the x-ray energy, the limiting spatial resolution is found to vary as a power law of x-ray energy. In argon and xenon, at an x-ray energy approximately twice that of the AK edge and the XeL edge respectively, the measured limiting resolution is better than expected from an equivalent power law behavior.
Introduction
There are at least four physical phenomena which, by virtue of their dispersive nature, limit the x-ray spatial resolution attainable in gas proportional chambers. These are the finite range (and number) of the electrons from the initial x-ray interaction in the gas, centroid fluctuation of the secondary ionization cloud due to diffusion, fluctuation of the avalanche along the anode wire, and the electronic noise of the position readout electronics. Further points to consider in a practical measurement of spatial resolution are instrumental uncertainties, such as finite x-ray beam width and parallax errors due to misalignment of the detector. These spatial resolution limitations are important for x-ray position-sensitive detectors employed in a variety of research fields using synchrotron radiation, and in other areas, such as x-ray astronomy.
Ionization Distribution Following X-ray Absorption
For all common counter gases, x-rays below 20 keV are absorbed almost entirely by the photoelectric effect. This is a complex process which, depending upon the x-ray energy and the atomic number of the absorbing atom, can result in the emission of photoelectrons, fluorescent x-rays and Auger electrons. The process may involve several individual atoms, but the energy in each succeeding interaction rapidly diminishes. For the purposes of the present simple analysis, we consider only the radiation emitted from the initial atom. A photoelectron is first ejected from one of the inner electron shells with kinetic energy Ex -EB, where EX is the x-ray energy and EB is the binding energy of the electron shell. The atom then de-excites and the majority of its energy is dissipated by either emission of an Auger electron or emission of a fluorescent x-ray.
For the gases with which we will be concerned, flourescent emission has a low probability (< 15%) and normally the bulk of the x-ray energy is either taken by the photoelectron or distributed between the photoelectron and the Auger electron.
The centroid of the ionization created by the emitted electrons determines the measured position of the true x-ray absorption point. The centroid of ionization from one electron will be influenced by the Since the exact effect of electron range on x-ray spatial resolution is not easy to assess, and there exists little experimental work on this subject, we have made x-ray position measurements where the resolution was dominated by electron range. The x-ray energy range of a few keV to 18 keV was investigated 3 . Apparatus Measurements were performed using a collimated x-ray beam incident normally on a flat, one-dimensional, multi-anode, position-sensitive proportional counter. The direction of the anode wires determined the position sensing axis. The experimental arrangement was configured so that the limit to spatial resolution from diffusion, electronic noise and instrumental effects (as determined by either measurement or calculation) was small compared to that of electron range. All measurements were carried out at anode charge levels (measured in 1 psec) of 0.4 pC or less, to ensure that avalanche spread along the anode wire did not cause significant fluctuation of the avalanche centroid; for resolutions< 200 ,m, anode charge did not exceed -0.1 pC. Optimized position readout was, therefore, essential. As a general rule, the detector depth needed to be > 10 times the measured resolution, otherwise wall effects caused distortion to both spatial and energy resolutions.
With all of these constraints in mind, we were capable of measuring electron range limited spatial resolution of several mm downto 65 im FWHM using three different detectors: i) For resolutions > 1 mm, a variable depth detector was used with position encoding, by charge division, from a cathode constructed as an RC line. This was a slightly modified form of the detector described by Rappaport et al.7 ii) A high resolution delay line detector with a total depth of 6.6 mm, as described by The detector was aligned with its window normal to the x-ray beam by using, to advantage, a resul}tl?f angular localization of the anode avalanche. ' With reference to Fig. 1 , if a narrow beam of x-rays is incident on the detector from directly above one of the anode wires, x-rays are absorbed both above and below this wire. The induced charge seen by, say, the window for events initiating an avalanche on top of the anode wire is slightly different in time development from that for events from below an anode wire; this physical difference is translated into a difference of crossover time when the charge signal from the window is filtered by a suitable differentiating/integrating network. 13 The window signals (from a charge sensitive amplifier followed by 0.5 asec Gaussian filtering) are shown by the upper trace in Fig. 2 Figure  3 shows the spatial resolutions measured in the different gas mixtures.
X-RAY ENERGY (keV) where Ap = FWHM(mm), Ex = x-ray energy (keV), p = gas density (gm fl), k and a are constants given in Table   I . The limiting resolution for a given x-ray energy is approximately inversely proportional to gas density.
In these hydrocarbon gases, carbon is the dominant absorbing atom; its K shell binding energy is 0.28 keV. The kinetic energy of the photoelectron, emitted after x-ray absorption, is (Ex -0.28 keV), so nearly all of the x-ray energy is transferred into kinetic energy of one electron: Fig. 4a shows photoelectron energy as a function of x-ray energy for x-ray absorption by a carbon atom. The power law relationship of spatial resolution with x-ray energy is very similar to that of electron range with electron energy in metal absorbers.2
Most of these resolution measurements were of the order of a millimeter or greater and, as such, were the least difficult to ensure that position resolution was determined by electron range alone. However, they were also the most sensitive to the requirement that detector thickness be an order of magnitude larger than the measured resolution. Gross distortion of the position spectra occurred when this condition was not satisfied. ii) Argon/10% Methane X-ray interactions occur primarily in the argon K shell; the fluorescence yield of this shell, w , is 13%.14 The anode pulse height spectrum from tke detector contains, besides the main x-ray photopeak, a small escape peak which is formed when the fluorescent K shell photon (Ex 3 keV, absorption depth in A/107.
CH4
3.5 cm) escapes from the detector. The two points for A/l1ot CH4 in Fig. 3 with circles around them, are resolution measurements of the escape peak events from 5.41 and 8.04 keV x-ray interactions (performed with the aid of an appropriate gating signal from the anode energy spectrum). These two measurements, and those of the photopeak events at 12.5 and 17.8 keV, lie approximately on a (dashed) straight line. The 5.41 and 8.04 keV x-ray photopeak data deviate considerably, to better spatial resolution, from this line.
In all the x-ray photopeak events, the main components are a photoelectron and an Auger electron, energy -2.7 keV, created by a radiationless transition in the x-ray absorbing argon atom to the K shell; Fig. 4b shows these two electron energies as a function of x-ray energy. (The residual energy of the excited argon atom, -0.5 keV, is dissipated mainly by emission of other Auger electrons whose energy and range are negligible compared to those of the first Auger electron.) In photopeak events from x-rays with energy > 12 keV, the photoelectron takes the bulk of the energy. In the two cases of escape peak measurements, the bulk of the escape peak energy is taken by the photoelectron. Thus the points iii) Xe/l1/ CO2
Xenon gas mixtures are probably the most important for many experiments involving detection of x-rays. For the energy range used here nearly all x-ray interactions occur in the xenon L shell, giving rise mainly to a photoelectron, and an Auger electron (average energy -3.6 keV) produced by a radiationless transition of the excited xenon atom to the L shell. Figure 4c shows the way in which energy is distributed between these two electrons as a function of x-ray energy. The residual energy of the excited atom, 1.5 keV, is dissipated, in a similar manner to the excited argon atom, mainly by emission of further Auger electrons with negligible energy and range compared to the first Auger electron. For Ex = 17.8 keV, the photoelectron takes a major part of the x-ray energy. For Ex = 8.04 keV, the two electrons almost equally share most of the x-ray energy, and for Ex = 5.41 keV, the Auger electron receives the bulk of the x-ray energy. The measurements in Fig. 3 Fig. 3 shows how resolution will probably behave for 5.41 keVx-rays down to the energy of the AK edge, 3.2 keV.
Gradual degradation occurs because the Auger electron (whose energy is fixed) takes a progressively larger fraction of the x-ray energy. The resolution discussion has ignored the small percentage of photopeak events in which the initial x-ray interaction has been followed by fluorescence in which the emitted photon has been absorbed in the detector gas. Because of the large absorption depth of this x-ray, the ionization centroids for such events will form a very low, extended background around the main position peak. The fluorescence yield of the xenon L shell, wL, is very_similar14 to wK for argon, but the L fluorescent x-ray (Ex -4.4 keV) has an absorption depth just under 6 mm in Xe/10%. C02. Therefore only the thin, high resolution detector (2d = 1.6 mm) exhibited a prominent escape peak in its energy spectrum and it was only practical to perform a resolution measurementconthe escape peak from 8.04 keV x-ray interactions, shown by the xenon point in Fig. 3 with a circle around it. This measurement (in which only the photoelectron takes the major part of the energy), and that for the 17.8 keV x-ray photopeak illustrate that single electron dominated resolution in xenon is lower than that in argon probably by a little more than the factor PA/PXe However, no quantitative assessment can be made without a wider energy range of x-ray measurements.
The most important point to emerge is that the best electron range limited resolution (for Ex > energy of the XeL edge) appears to occur for Ex = 8 to 9 keV. The rate of degradation of resolution a few keV either side of this optimum energy region is small, but it is interesting to note that many biological and crystal diffraction experiments utilize the x-ray energy which provides minimum spatial resolution: the Cu Ka line at 8.04 keV.
Discussion
We have compared the experimental resolution measurements with electron ranges in the gas inferred from the generalized,lgemi-empirical electron range formula of Tabata et al.
(which represents a best fit to many independent range measurements in solid absorbers).
For methane the electron range curve lies almost parallel to the methane spatial resolution curve in Fig. 3 , but is on average about a factor 1.2 higher, and for A/10% CH4 the corresponding electron range curve is about a factor 1.5 higher than the dashed line for A/l07M CH4. Therefore the range of an electron in a gas that is deduced from range data for solid absorbers appears to be slightly larger than the limiting effect of such an electron on spatial resolution. For situations in which two electrons share the bulk of the x-ray energy, the limiting spatial resolution is considerably better than that expected from the power law behavior of single electron dominated resolution. The next step in the experimental program is to increase the gas pressure so that electron range is reduced. For 8 keV radiation and with 3 to 4 atm. of Xe/lOX C02, the 1.6 mm deep detector, outlined in Section 3, would produce an extremely high resolution detector with high efficiency and low parallax errors, which would be useful for several x-ray diffraction experiments using Cuya radiation. The results of photoelectron range on the spatial resolution at pressures greater than 1 atm. will be presented in a separate report.
for assistance with the high resolution detector and its electronics. 
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